Abstract: This paper summarizes our study on microwave and millimeter-wave propagation in rain with special emphasis on the effects of polarization. Starting from a recount of our past findings, we will discuss developments with these and how they are connected with subsequent research.
Introduction
In the middle of the 1950s, a feasibility study on using the millimeter-wave band in radio communications started at the Radio Research Laboratory (currently the National Institute of Information and Communications Technology) to meet the everincreasing demand for frequency resources. In 1956, the first author of this paper assumed a concurrent position as Chief of the Millimeter Wave Research Section of that laboratory, and initiated research on millimeter-wave propagation in rain in the 35-GHz band.
Radiowave attenuation due to rain was anticipated to be increasingly severe for frequencies higher than about 10 GHz. The theoretical work by Ryde and Ryde 1)-3) in the early 1940s represents seminal research in this field. They calculated the electromagnetic cross sections of spherical raindrops, without restrictions in the ratio of drop size to wavelength (Mie scattering regime), and, using microphysical parameters of rain, derived the relation between rainfall rate and attenuation. The experimental results obtained back then have generally confirmed the predictions. 4 ), 5) We started measurements to reexamine the thenpublished data. During the course of these measurements, we were confronted with a rather peculiar phenomenon, i.e., the attenuation in horizontal polarization tended to be slightly larger than that in vertical polarization. 6) To the best of the authors' knowledge, this was the first work that explicitly demonstrated the effects of polarization on attenuation. Distortion in raindrops was suspected to be the cause of this difference. In fact, the photographic measurements of water drops falling at terminal velocity in air revealed that the drops were not spherical but asymmetrical about the horizontal plane, generally with a flattened base for large drops. 7) The dependence of rain attenuation on polarization was theoretically estimated by taking into account drop distortion, assuming there was little deviation from the spherical shape. 8) Within the limits of perturbation calculations, the agreement between measured and estimated values was satisfactory. 6) Although the effect of polarization was found to be small, this has later become of practical importance, because terrestrial and earth-space communication systems have used two orthogonal polarizations at an identical frequency to increase the capacity of communications; the coupling between two orthogonal polarization channels, if it occurs, will greatly limit the efficient use of these orthogonal channels. This really is the cause for nonspherical raindrops falling with trajectories that are not in parallel with the direction of reference polarization. Very many theoretical and experimental studies were conducted on this in the 1970s in various countries.
Meteorological radars were initially operated on a single polarization basis. However, it was observed that the properties of polarization are important in radar meteorology to identify hydrometeors and to accurately monitor rain parameters. In fact, Atlas et al. pointed out the importance of the polarization properties of hydrometeors in 1953, based on approximate theory for small spheroids. 9) Since then, meteorological radars for microphysical research have been partially employing dual-polarization capabilities, and fully polarimetric weather radars are now being used in several countries. There has been a tendency for even operational weather-forecast agencies to adopt dual-polarization capabilities to obtain better forecasts of very localized and intense rainfall.
This paper is organized as follows. Section 2 describes the general procedure for calculating the relation between rainfall rate and attenuation. Section 3 outlines the way we did attenuation measurements in the period from around the end of the 1950s to the beginning of the 1960s, and how attenuation in horizontal polarization differs from that in vertical polarization. The procedure for calculating the scattering properties of distorted raindrops, and the major calculated results are presented in Section 4. Section 5 discusses the interference between two orthogonal polarization channels due to the depolarization effects of rain on dual-polarization communication systems, and how we could eliminate this interference. Section 6 outlines the advantages of employing dual-polarization over single polarization in radar meteorology, and presents some of the outcomes that resulted from using dual-polarization capabilities. The discussion thus far is based on the single-scattering regime. How multiple scattering affects attenuation and depolarization has been an unanswered question of long standing. Section 7 is devoted to this problem, and briefly outlines our findings on the effects of multiple scattering in rain. Finally, Section 8 of this paper draws some of the conclusions we reached. (A review of the research in this field up to around 1983 was presented by Oguchi. 
Scattering amplitude of raindrops and attenuation by rain
This section first outlines the general procedure for calculating the attenuation and phase shift of electromagnetic waves traveling in a rain-filled medium. Then, assuming that the raindrops are spheres, we will give estimated attenuation values as a function of the frequency to find the significance of rain effects in the microwave and millimeter-wave regions.
When a plane electromagnetic wave with polarization vectorê is incident on a raindrop at the origin, it induces a transmitted field in the interior of the drop and a scattered field. Assuming that the incident wave with unit amplitude and frequency f is propagating in directionK 1 , the scattered electric field, E s , toward directionK 2 may be written in the far-field region as:
where vector function f ðK 1 ;K 2 Þ, often referred to as "scattering amplitude", denotes the amplitude, phase, and the state of polarization of the scattered field, r is the distance from the origin to the observation point, and k 0 is the free-space propagation constant defined by 2:f/c 0 , where c 0 is the speed of light in free space. An expðþi2ftÞ time convention is assumed and is suppressed.
The propagation constant, k, in a space containing many raindrops is given by 11) k
where f ðK 1 ;K 1 ; aÞ denotes the forward scattering amplitude of a raindrop with radius a, and n(a)da is the number of drops per cubic meter in space with radius a in range da and is a function of rainfall rate R. (Note that the discussion in Sections 2-6 is based on the single-scattering approximation.) Since the propagation factor in a rain medium is exp(−ikr), the real and imaginary parts of k are respectively responsible for the phase shift and attenuation of the wave propagating in the rain medium.
In the attenuation measurements, the attenuation, A, is often given in dB/km and is written in the following form:
where Q t , commonly termed the "total cross section", is the sum of the power scattered in all directions from a raindrop and the power absorbed in the drop, when it is radiated by a plane wave of unit power per unit area. There is a well-known relation between Q t and the scattering amplitude, f, in the forward direction 12)
Naturally, the attenuation formula obtained from the imaginary part of the propagation constant, k, agrees with Eq. [3] , when Eq. [4] is referred to.
The scattering amplitude, f, is obtained by solving a boundary-value problem at the surface of a raindrop. If the drop is spherical in shape, there are analytic solutions to the boundary-value problem (Mie-Stratton expression 13) ). However, numerical computations of this expression, containing complex arithmetic, were laborious and time consuming in the pre-computer age of Ryde and Ryde.
1)-3) The permittivity of water in the microwave and millimeter-wave regions has a relatively high loss component, hence elementary vector solutions to the field inside a raindrop contain spherical Bessel functions with complex arguments.
Drop-size distribution n(a) can be obtained by measuring the size distribution of raindrops reaching the ground, and converting it to a distribution in space with the aid of the fall velocity of raindrops. The drop-size distribution is a function of the rainfall rate, and depends on rain types. Although the measurements were made more than sixty years ago, the distribution by Laws and Parsons, 14) among others, is considered to be typical of the average distribution both for widespread rain (in the lower rainfall-rate range) and for convective rainfall (in the higher rainfall-rate range). Therefore, we have mostly used this size distribution in our theoretical work. Figure 1 plots the Laws and Parsons size distribution (thick solid curves), as well as the negative exponential relation proposed by Marshall and Palmer (fine solid lines).
15) The rainfall rate, R, in millimeters per hour is related to both drop-size distribution and fall velocity expressed by
where v(a) is the terminal fall velocity in meters per second and a is the drop radius in millimeters.
There is an example of the calculated attenuation values in Fig. 2 as a function of the frequency, both for Laws and Parsons (solid curves) and for Marshall and Palmer (dashed curves) size distributions. 16) Note that the attenuation tends to be very high as frequency approaches several tens of gigahertz, and is maximum at about 100 GHz. Further increases in frequency decrease the attenuation slightly so that it approaches the asymptotic value in the optical limit.
Attenuation measurements
This section summarizes the attenuation measurements that we did during the period from around the end of the 1950s to the beginning of the 1960s, and how attenuation in horizontal polarization differs from that in vertical polarization.
The equipment used in the attenuation measurements was a frequency-modulated radar operating at 34.8 GHz, 17) similar to that used by Crawford and Hogg of Bell Laboratories.
18) The transmitter-andreceiver polarization could be changed by replacing the short straight-waveguide section, connected just behind the circular primary horn, by using a 90°twist section. A trihedral corner reflector with a crosssectional area of 1.7 m 2 was located on the top of a building 400 m from the radar site. A very simple rain gauge was placed at the radar site. A rain collection funnel with a diameter of 0.35 m was attached to a graduated cylinder, and the rise in the water level Electromagnetic wave propagation in rain No. 6] was measured every 30 sec or 1 min, depending on the rain intensity. The measured values were then converted into corresponding values in mm/h units. Preliminary measurements were made during heavy rainfall, first in vertical polarization, and then in horizontal polarization. Figure 3 has the scatter plots of attenuation as a function of the rainfall rate in (a) vertical and (b) horizontal polarizations. The two solid lines are the results of the least-squares fitting to data points, and the dashed lines are the theoretical predictions made by Ryde and Ryde. 1)-3) Although the measured values agreed favorably with the theoretical ones when the incident-wave polarization was horizontal, the attenuation in vertical polarization was in some degree lower than the theoretical prediction. There was some ambiguity as to whether attenuation really depended on polarization, since the measurements were made at different times or even on different days.
To overcome this problem, the waveguide section just behind the circular primary horn was replaced by a ferrite switch that rotated the polarization by 90°when the exciting current was on. The rain gauge was also replaced by a fast-response tipping bucket gauge with a funnel diameter of 0.67 m. Attenuation was then measured along a 3.55- Figure 4 has the scatter plots of the difference in attenuation as a function of attenuation in vertical polarization. The difference in attenuation was defined as the attenuation in horizontal polarization (dB/km) minus the attenuation in vertical polarization (dB/km). Instead of using the rainfall rate, we used attenuation as the abscissa because it is a more reliable measure of the path-averaged rainfall rate. From that experimental evidence, we had a firm belief that attenuation really depended on polarization. To the best of the authors' knowledge, these were the first measurements that explicitly demonstrated the effects of polarization on attenuation. This phenomenon has later come to light, since in various branches of radio communications through rain and in radar meteorology, we have had to encounter not just minor advantages and disadvantages of the effect of polarization, as will be described in the later sections. The difference in attenuation was later confirmed by Semplak's measurements at 30.9 GHz. 19) The distortion of raindrops from a spherical shape was suspected as the reason for the difference in attenuation. In fact, Magono measured the shape of water drops falling at terminal velocity in stagnant air, and he found that the drops were not spherical but asymmetrical about a horizontal plane, generally with a flattened base for large drops. 7) This motivated us to start a rather lengthy course of theoretical investigations into scattering from nonspherical raindrops, as will be described in the next section. The dashed lines in Fig. 4 are the results of perturbation calculations made under the assumption that raindrops did not deviate much from their spherical shape. 8) 4. Shape and scattering properties of distorted raindrops 4.1. Shape of raindrops. The shape of raindrops was initially studied from a meteorological point of view, since it was relevant to various subjects in meteorology, such as fall velocity and drop breakup. Many investigators have made photographic measurements of the drop shape. Some measurements were made while the drops were suspended in the air stream of a vertical wind tunnel, and some were made when the drops attained their terminal velocity after falling from a sufficient height (³12 m) in stagnant air. These measurements revealed that water drops larger than about 1.0 mm in radius were of oblate spheroidal shape with a flattened base.
Some other investigators have theoretically studied the drop shape, by solving an equation describing the balance of internal and external pressure at the surface of a drop. Because it has been difficult to solve this equation rigorously, several Fig. 4 . Scatter plots of attenuation differences between horizontal and vertical polarizations as a function of attenuation in vertical polarization (dB/km). 6) Attenuation difference is defined as the attenuation in horizontal polarization (dB/km) minus the attenuation in vertical polarization (dB/km). Dashed curves are the theoretical estimates obtained by perturbation calculations. 8) Electromagnetic wave propagation in rain No. 6] assumptions or approximations have had to be introduced. Pruppacher and Pitter introduced some assumptions into the aerodynamic pressure around the surface of a water sphere, and numerically solved the pressure-balance equation. 20) Figure 5 shows the calculated drop shapes of 13 water drops whose equivolume radii range from 0.25 to 3.25 mm. The shapes agreed reasonably well with those derived from measurements in those days. Note that the study of drop shape is again in the spotlight today, in connection with accurate measurements of rainfall that are possible due to the advent of polarimetric weather radars, which we shall discuss in Section 6. Recent measurements of drop shapes by two-dimensional video disdrometers under calm-air conditions seem to indicate that the Pruppacher-Pitter model slightly overestimates real drop deformation; no concave deformation of the bottom of large drops has yet been found. 21 )-23) (Video disdrometers are optical instruments that can measure the drop sizes, shapes, and numbers of drops per unit area falling in unit time.) In our theoretical treatment and numerical calculations of scattering properties, we initially used an oblate spheroidal model and then the Pruppacher-Pitter model.
Procedure for calculating scattering
properties of distorted raindrops. Around 1958, we started theoretical investigations to account for the effects of polarization, as described in Section 3. Because the measurements were made at 34.8 GHz, the size of large raindrops was almost equal to the wavelength (³8.6 mm). There are no analytic solutions to distorted drops. When there is not much distortion from the shape of a sphere, we may evaluate an additional scattering term (perturbation term) by using a perturbation calculation. The addition of this term to the sphere-scattering term may be an approximate solution to the problem. There are generally no restrictions on the drop size in this technique, except that there is not much distortion from the shape of a sphere. In 1956, Mushiake developed a perturbation theory for scattering from perfectly conducting spheroids with small eccentricity. 24) We extended his technique to the scattering from lossy dielectric spheroids. 8) We tentatively evaluated the first-order perturbation term assuming that the drop shape was spheroidal. Because of the perturbation calculation, the scattering amplitude for large drops contained some error. In the first stage of numerical evaluation, we used a hand calculator, or an electric-powered calculator to calculate the spherical Bessel functions with complex arguments. The main part of the computation was done by a fully transistorized electronic computer that had just commenced operation at the Electrical Engineering Department of Keio University.
Let us assume, for a while, that the drop axes are all aligned in the y direction, and the incident wave is propagating in the positive z direction as in Fig. 6 . The polarization state of the incident wave is either x-polarized (horizontal) or y-polarized (vertical) linear polarization. Because the scattering amplitude now depends on polarization, we may define two propagation constants in a rain-filled medium, k x and k y : 
where a is the equivolume radius of a distorted drop. From Eq. [6] , attenuation difference "A (in dB difference) and phase difference "? (in degrees) between horizontal and vertical polarization channels are given by
where L is the propagation length (in meters) in a rain medium. These two quantities are usually termed "differential attenuation" for the former and "differential phase" for the latter. The theoretical curve, in Fig. 4 , is the result of this perturbation calculation.
We then used the spheroidal function expansion method to obtain better results, since we expected spheroidal functions to have an affinity for spheroidal particles. The calculations should start from a detailed examination of the eigenvalues and the corresponding eigenfunctions of the spheroidal equation to define a complete set of eigenfunctions, because the eigenvalues have many branch points for complex values of propagation constants. 25) Unfortunately, the spheroidal elementary vector solutions lack orthogonal properties on the spheroidal boundary surface, and consequently, applying boundary conditions yields simultaneous linear equations of infinite extent to the unknown expansion coefficients of the fields to be determined. These equations were solved numerically after they were truncated at some modal index.
11) The results were naturally much better than those from perturbation calculation.
Computer technologies made rapid progress back then, and over time, computers were able to handle increasingly large amounts of matrix arithmetic. Our next solution was thus the collocation (point-matching) technique, or its improved version of matching in the sense of least squares. 11) In these techniques, incident, scattered, and transmitted fields are expanded by spherical elementary-vector solutions with known and unknown expansion coefficients. If the infinite modal summations are truncated at some modal index, and if the boundary conditions are satisfied for the representative points on the boundary, whose number is appropriate to the truncated modal index, these conditions yield simultaneous linear equations for determining the unknown coefficients. The procedure for solving simultaneous linear equations is almost analogous to that used in the spheroidal function expansion method, although the matrices are much larger. Note that this technique can flexibly be adapted to changes in the boundary shape. Thus, the scattering from Pruppacher-Pitter shaped raindrops was later calculated with the same technique.
A group at Bell Laboratories was conducting exactly the same research during almost the same period of time. Their research results were published just after our publication, as a series of papers in the Bell System Technical Journal.
26)-28) The results were compared by both sides with the same input data, and excellent agreement was confirmed.
The reasons a fairly large number of people at Bell Laboratories was involved in this research were as follows. Because of the ever-increasing demand for frequency resources, engineers in terrestrial and earth-space communication systems were planning to utilize frequency-reuse systems, such as those attained by employing two orthogonal polarizations at an identical frequency, to increase communications capacity. If coupling between two orthogonal polarization channels occurs, it will greatly limit the efficient use of these orthogonal channels. Distorted raindrops falling with trajectories canted from the direction of reference polarization will cause this interference, as will be described in the next section. This became the motivation for many experimental and theoretical investigations in the 1970s in various countries, such as the USA, many in Europe, and Japan.
Since then, many numerical techniques have been exploited, e.g., the T-matrix, 29) ,30) the Fredholm integral-equation, 31) and the finite and boundaryelement methods. Electromagnetic wave propagation in rain No. 6] in the microwave and millimeter-wave regions, agreement is excellent. 34 ), 35) 4.3. Calculated polarization properties. Figures 7 and 8 plot the frequency characteristics of differential attenuation and differential phase defined by Eq. [7] for a 1-km propagation path.
36) The parameter is the rainfall rate. Spheroidal raindrops at a water temperature of 20°C and a Laws and Parsons drop-size distribution have been assumed. Figure 7 indicates that differential attenuation increases as frequency increases, and for high rainfall rates, it is maximum at about 30 GHz. Further increases in frequency result in a gradual decrease in differential attenuation. This is mainly due to the fact that, for frequencies higher than 30 GHz, the Im(f h − f v ) of large drops decreases as frequency increases. It was fortunate that our attenuation measurements described in Section 3 were made at 34.8 GHz, the frequency that almost offers the maximum differential attenuation. Note from Fig. 8 that the differential phase is maximum at about 20 GHz, and this becomes negative for frequencies higher than 30 GHz. Negative differential phase shift can also be inferred from the single-scattering properties of nonspherical raindrops with their electrical size, k 0 a, larger than one.
As shown in Fig. 4 , the differential attenuation measured in 1960 agreed favorably with theoretical estimates. Because of the difficulty of doing phase measurements, we had to wait until the middle of the 1970s for measured data on differential phase shift to appear. Figure 9 shows an example of the differential phase measured at 11 GHz on a 13.6-km propagation path.
37) The theoretical curves are for drop canting angles of 0°and 25°. The agreement between measured data and theoretical estimates is marginal. (The theoretical estimates based on a recent dropshape model, however, give better agreement with the measured data.) Although the differential attenuation and differential phase defined by Eq. [7] are the fundamental characteristics of a rain medium, they are in a sense for fictitious rainfall, because the raindrop axes are all vertically aligned. In real rain situations, however, drop axes are not necessarily vertical and they also have angle distributions. The procedure for treating more realistic rainfalls will be given in the next section. 38)-43) We here give our expressions since they are considered to be the most general. 43) It is assumed that the medium is statistically uniform, and the quantity of interest is the mean value of the field. Letting H and V be the two orthogonal directions of polarization for the transmitter and receiver, as shown in Fig. 10 , a differential equation governing the variations in electric fields E h and E v of linear horizontal and vertical polarizations along propagation direction z is written as
where E is a column vector with elements E h and E v , and M is a 2 × 2 square matrix. Matrix M is composed of two terms: 
where M 0 , a diagonal matrix both of the elements being given by −ik 0 , denotes the propagation characteristics of free space, and M 0 denotes the effects of nonspherical raindrops with canting-angle distributions. We have considered a nonspherical raindrop whose symmetry axis OA is in the yz plane making angle . with axis Oy, Oy being the projection of symmetry axis onto the HV plane and inclined at angle 3 from vertical axis OV (see Fig. 10 ). The interaction of the incident wave with the drop can be expressed by the product of three matrices. The first matrix denotes the rotation of the direction of reference polarization from (H, V) to (x, y), the second matrix denotes the forward-scattering effects of the drop for x-and y-polarized waves, and the third matrix denotes the back rotation of the direction of polarization from (x, y) to (H, V). (The second matrix is a diagonal matrix since forward scattering does not generate depolarized components for waves polarized in the x and y directions, i.e., the polarization directions that are normal to or in the plane containing the propagation direction and drop axis). The matrix, M 0 , is given by the sum of the matrices of all the raindrops in a unit volume with various sizes, deformation ratios, and axial directions.
The solution to Eq. [8] is written as
where E 0 is the electric field at z = 0 and T denotes the transmission characteristics of the rain medium. The elements of T are given by
and where 6 1 and 6 2 are the eigenvalues of matrix M, and 5 1 and 5 2 are the elements of the corresponding eigenvectors. The angle, ?, is generally complex. However, if the drop canting angle (3, .) is independent of the drop size and the two canting-angle distributions for 3 and . are independent of each other, it can be shown that ? is real. (Several measurements have suggested that the above assumptions are approximately valid.) In particular, for the Gaussian distributions of canting angles with mean value 3 0 and standard deviation < for 3, and with mean value . 0 and standard deviation <′ for ., respectively, the difference in eigenvalues 6 1 − 6 2 in Eq. [12] 
½14
where XPI h is the ratio of the cross-polarized received field "E h in direction E h transferred from E v to copolarized received field E h , and XPI v is a similar ratio when the direction of polarization of the wanted signal is vertical. Similar quantities often in use are cross-polarization discriminations (XPDs):
They are the ratios of cross-polarized received field in the orthogonal polarization channel to the copolarized received field. XPD occurs in the transmission measurements where a single-polarization transmitter and a dual-polarization receiver are used. If we take
[10] and use T 12 = T 21 , we find XPD h = XPI h and XPD v = XPI v .
Transformation from linear to circular polarization is written as
where e is a column vector whose two elements are right-hand and left-hand circular components of the electric field, and C is defined by
With the aid of Eq. [16] , the transmission equa-tion [10] can be transformed into the corresponding equation for circular polarization
where e 0 is the value of e at z = 0. From Eq. [18] , the cross-polarization factors for circular polarization are found to be
where XPI r and XPI l correspond to the cross-polarization factors when the polarizations of the wanted signal are right-hand and left-hand circular components and
If angle ? is real, XPI r = XPI l . Note from Eqs. [14] and [19] that, provided ? is real, the XPDs for circular polarization are the same as those for linear polarization for ? = 45°, where XPD h (XPI h ) = XPD v (XPI v ) and has nearly the worst linear XPD values. Figure 11 plots example calculated XPD values as a function of copolar attenuation (CPA) at 34.8 GHz. Equioriented spheroidal and PruppacherPitter raindrops have been considered (3 0 = 5°and . = 0°). The rainfall rates are 2.5 and 12.5 mm/h. It is evident that the XPDs for circular polarization are worse than those for linear polarization. The difference is about 15 dB in this example. Dual-polarization communication systems demand that the crosstalk resulting from depolarization should be better than 20 dB to ensure communications quality. In circular polarization, a copolarized signal attenuation of only 10 to 15 dB corresponds to this level of cross talk.
Several investigators have sought a simplified expression to describe the XPD-CPA relation, by applying small-argument approximation to the above expressions and by making further approximations. 44 )-47) A model XPD-CPA relation, thus devised for estimating depolarization, appeared in a report of the International Radio Consultative Committee (CCIR). 48) Figure 12 has an example comparison between measured scatter plots of XPD and calculations. The frequency is 34.5 GHz, and the polarization is circular.
49) The measurements were made along a 1.3-km propagation path during a one-year period starting from April 1979. The Pruppacher-Pitter drop model, and < = 0°and 30°with <′ = 0°in Eq. [13] , were used in the calculations. It is evident from this figure that the measured plots are well within the two curves with < = 0°and 30°. Note that, in circular polarization, the XPDs are independent of the mean canting angle, ?.
Adaptive depolarization compensation.
In the above subsections, we discussed the mechanism for and the quantitative evaluation of rain depolarization. It was a natural consequence that investigations into techniques of compensating for depolarization coupling started at the same time. and several experimental investigations have been done. 56 ),57),60),62) In the 4-and 6-GHz bands, differential attenuation is very small compared with the differential phase (see Fig. 8 ). Therefore, a combination of two rotatable differential phase shifters with fixed phase shift in the RF port can generate the inverse of the transmission matrix. An example of satellite propagation measurements with a circularly polarized signal in the 4-GHz band indicated that, for depolarization levels of less than 15 dB lasting for more than 15 min., the average value of the corrected levels was better than 30 dB. 56) Depolarization compensation is still being used. For instance, the newest antenna of the Yamaguchi Satellite Earth Station of KDDI Corporation, Japan, is equipped with a compensation system.
Polarization effects in radar meteorology
Radars are very important tools in meteorology for remotely monitoring the intensity of rain, as well as distinguishing solid hydrometeors (such as snow, or hail) from liquid (rain).
Meteorological radars were initially operated on the basis of single polarization. Conventional radars measure the backscattered intensity from hydrometeors in a scattering volume defined by the antenna-beam width and the transmittedpulse width. For a while, we will concentrate our discussion on rain with spherical raindrops. The received power, P r , of a weather radar is written as
where C contains those parameters pertaining to the radar, such as transmitting power, antenna gain, antenna beamwidth, pulse width, etc., r is the distance from the radar to the scattering volume, and jK w j 2 ¼ jð" À 1Þ=ð" þ 2Þj 2 is the dielectric factor of water with relative permittivity C. Here, Z is the reflectivity factor defined by the following equation customarily used in units of mm 6 /m ) is the backscattering cross section of a raindrop with radius a, and n(a) is the drop-size distribution function roughly approximated by the two-parameter negative exponential distribution, 15) or, more strictly, by the three-parameter gamma distribution. 63) The following relation relates the backscattering cross section, < b , to the scattering amplitude in the backward direction, f, if < b is expressed in units of m
(Radar meteorologists use the term "equivalent reflectivity factor" for drops with sizes comparable to or larger than the wavelength (Mie-scattering region) to distinguish it from the commonly used "reflectivity factor" for drops much smaller than the wavelength (Rayleigh-scattering region). However, we will not distinguish these two cases and use the term "reflectivity factor". Although radar meteorologists prefer to use diameter D to express the size of raindrops, we will use radius a to maintain uniformity throughout this paper.)
The problem is whether we could find any definite relation between the radar observable, Z, and the rainfall rate, R, given by Eq. [5] . Although many radar meteorologists in the past have theoretically and experimentally studied the Z-R relation, it has been difficult to find a definite relation for this. Measurements of the drop-size distribution function, n(a), in rain have demonstrated that, even in one rain event, several different drop-size distributions have often yielded the same rainfall rate. Because variations in the drop-size distribution affect Z differently, the Z-R relation remains indefinite.
The polarization properties of scattering were then presented as a candidate for new radar observables whereby we could estimate R more accurately. A dual-polarized radar transmits horizontally and vertically polarized pulses sequentially, and measures the reflectivity factors, Z h and Z v , for these two polarizations. Z h and Z v are simply the extension of Z, with < b in Eq. [22] replaced by those for horizontal and vertical polarizations. Assuming an a priori size-to-deformation relation of raindrops, and a near horizontal radar beam, Seliga and Bringi 64), 65) proposed to measure the differential reflectivity factor defined by Z dr = 10 log(Z h /Z v ). Z dr and one of the absolute reflectivity factors, Z h or Z v , can theoretically be used to define the two parameters of the exponential drop-size distribution. They also proposed using the differential phase, ? dp , between two polarization channels, in addition to Z dr .
A distinctive feature of using the differential phase, ? dp , was demonstrated by Sachidananda and Zrnić.
66) The proposed algorithm, or its extension, is significant in accurate measurements of the rainfall rate, since it almost gives a direct relation between ? dp and R less dependent on the form of n(a) as described below. The differential phase shift accumulates as the radar pulse penetrates into the depths of the rain-filled medium. Because rain is not necessarily uniform, the mean differential phase between the two adjacent ranges, r i and r j , commonly termed specific differential phase K dp , is given by the finite difference form of ? dp K dp ¼ dp ðr i Þ À dp ðr j Þ 2ðr i À r j Þ : ½24
K dp is the differential phase per unit distance, and is a function of the rainfall rate, drop shape, mean canting angle, and the standard deviation of canting angles; hence, in the strict sense, it should be evaluated from the transmission matrix, T, with elements given by Eq. [11] . However, because our interest only lies in the copolar phase of orthogonalpolarization responses, the differential phase is almost the same as that of equi-oriented raindrops with their minor axes vertically aligned. Under this approximation, K dp is given by "? in Eq. [7] with L = 1:
where Eq. [6] is used, and x and y in Eqs. [6] and [7] are replaced by h and v. Sachidananda and Zrnić 66) demonstrated that, under the Rayleigh approximation, the above integral has dependence on a 4.24 , while the rainfall-rate integral (Eq. [5] ) approximately has dependence on a 3.67 . In contrast to the dependence of the differential phase on a 4.24 , the reflectivity factor, Z (Eq. [22] ), has dependence on a 6 . Because the dependence of K dp and R integrals on size is relatively close, the K dp -R relation is less sensitive to variations in n(a) than the Z-R relation. Note that the differential phase shift also includes the phase shift on scattering, in addition to the phase shift along the propagation path. However, this effect is minor for frequencies of less than, say, 3 GHz.
Investigations are still ongoing to find the best combinations of polarimetric radar observables. For instance, Maki et al. 67) found that further improvements in R estimates might be possible if R is estimated by using both K dp and Z dr .
The polarimetric rainfall-rate estimator in operational use will be given, e.g., in the form R ¼ aðK dq Þ b . Consequently, to find the most suitable numerical parameters, a and b, it is fundamental to accurately know both the drop-size distribution functions and drop shapes that are representative of the radar-coverage area. Progress in these studies has recently been accelerated by the advent of new instruments, such as the two-dimensional video disdrometer, referred to in Section 4.1.
21)-23) The operational weather-forecast agencies in USA and Europe are planning to adopt dual-polarization capabilities for better forecasts of very localized and intense rainfall events. 68) In Japan, a polarimetric radar network for the Tokyo Metropolitan area is currently being investigated. 69) Figure 13 shows example rainfall-rate measurements obtained by using an X-band polarimetric radar under heavy rainfall associated with a typhoon. 70) While the rainfall rate in Fig. 13 (a) was estimated with the conventional Z-R relation, the rainfall rate in Fig. 13(b) was estimated with the K dp -R algorithm. The radar site is at the center of the right side of each panel. Although the area enclosed by the dashed circle in Fig. 13(a) does not reveal any noticeable rain activity, the same area in Fig. 13(b) clearly shows the existence of heavy rain. In Fig. 13(a) , the reflection from the rain band in the circle seems to be masked by the attenuation of a strong rain band close to the radar site. In contrast to this, the K dp -R algorithm in Fig. 13(b) is less sensitive to the intervening rain attenuation between the radar and the rain cell being observed, since it uses phase information instead of using intensity information. This seems to be another benefit of using the K dp -R algorithm in addition to the already mentioned advantage of insensitivity to variations in drop-size distributions.
The use of polarization properties described thus far is not fully polarimetric, since it is lacking in information on cross-polar components. To derive full-polarimetric radar parameters, it is customary to define the two-by-two backscattering matrix, S, of a raindrop with the following equation, although it is equivalent to the vector-form scattering amplitude in the backward direction, f:
where E is a column vector with elements E h and E v , and the superscripts b and i on E correspond to backscattered and incident waves. The radar observables are various second-order moments of the scattering matrix elements. In addition to Z h , Z v , and Z dr already defined, the other quantities often used in radar polarimetry are: and cross-polar correlation coefficient
where hÁi denotes the averaging over drop sizes, shapes, canting angles, etc. Similar quantities for lefthand and right-hand circular-polarization bases can be defined. LDR depends on the canting angle of distorted hydrometeors relative to the direction of reference polarization. The copolar correlation coefficient is generally close to one for rain. It has been pointed out both implicitly and explicitly that the cross-polar correlation coefficient, or its equivalent, might serve as a measure of the shape and orientation distributions of scattering particles 72)-75) Our laboratory measurements at Kanto Gakuin University in a simulated rain environment seem to support this statement. 76) Thus, using this coefficient may be helpful when using the depolarization ratio alone is insufficient to distinguish the effects of shape.
Radar meteorologists have made extensive studies up to the present on the microphysics of hydrometeors, i.e., not only raindrops but also ice crystals in high altitudes, snowflakes, hail, etc., by using full-polarimetric weather radars. We shall not go any deeper into this subject since it is beyond the scope of this paper. However, we do need to point out that McCormick and Hendry, and their colleagues have contributed much to the initial stages of research in this field.
72)
7. Multiple scattering effects 7.1. Theoretical background. The discussion thus far has been based on the single-scattering regime. How multiple scattering of waves in rain affects attenuation and depolarization has been an unanswered question of long standing. This section briefly outlines our findings on the effects of multiple scattering. Unless otherwise stated, we have mainly considered spherical raindrops. The single scattering from spherical raindrops does not produce depolarized components, if the scattering occurs exactly forward or backward. However, when a wave successively travels through two or more scatterers, spherical raindrops can generate depolarized components even in exactly the forward or backward directions. The depolarization thus generated is often larger than that generated by non-spherical raindrops.
We used the vector radiative transfer equation as the basic expression for treating multiple scattering in rain with the polarization effects included. 77) This equation can be derived from the more general Bethe-Salpeter type equation under ladder approximation. 78 ), 79) Although this is generally a good approximation, the so-called cyclical term is not included. The cyclical term is important in treating the enhanced backscattering that would occur if the transmitting and receiving antennas were in the same position. The problem of enhanced backscattering will be discussed in Section 7.3.
When we take into account the effects of polarization, we usually use the Stokes vectors that represent both intensities and the state of polarization. The radiative transfer equation for the Stokes vectors is an integro-differential equation, and the treatment of its integral is extremely difficult. We use circular polarization as a characteristic polarization state, since the representation of circular polarization yields simpler mathematics for the rotation of the coordinate axes in the integral than the representation of linear polarization does. 80 ), 81) Letting E l and E r be the electric-field components in left-hand and right-hand circular polarizations, the Stokes vector in the circular-polarization representation, J cp , is defined by
T , where the asterisks denote complex conjugates, the brackets are for time averages, and superscript T denotes the transpose. The Stokes vector, J cp , consists of the coherent part, J 0 cp , and the incoherent part, j cp . J 0 cp corresponds to the singlescattering solution described in the previous sections. By expanding both j cp and the kernel function in the integral in terms of generalized spherical functions, 82)-84) analytical integration in the equation of transfer involving Mie-scattering functions is feasible. This yields a set of simultaneous ordinary differential equations for the unknown functions to be determined, which is then to be numerically solved by using the matrix eigenvalue technique, or shooting technique, subject to proper boundary conditions. 85), 86) Further, if the expansion of j cp is Electromagnetic wave propagation in rain No. 6] approximated by the first two terms, we have an approximate analytic solution. 87) , 88) Although somewhat involved, the linear-polarization problem can similarly be solved by using the circular-polarization representation. 86) 7.2. Monochromatic and pulse-wave propagation. First, we will summarize our findings on the co-and cross-polarized incoherent fields produced by multiple scattering in rain, when the incident wave is monochromatic. For communications purposes, our main concerns are coherent and incoherent fields exactly in the forward direction. Our calculations demonstrated that the incoherent effect is not an issue at frequencies ranging from the microwave to the low-frequency end of millimeter waves. The incoherent field in the copolarized channel is a noise component in a sense, and if the signal-to-noise ratio is assumed to be better than 20 dB as in Section 5.2, the copolarized incoherent component may become a problem at frequencies higher than 300 GHz if a receiving antenna with 1°half-power beamwidth is being used in heavy rainfall. 89) In the cross-polarized channel, the estimated incoherent intensity is an additional 10 dB below the level of copolarized incoherent intensity. Note that, in backward scattering, e.g., radar observation of rain, multiple scattering effects are often significant because of the lack of a coherent component, as will be discussed later.
The transmitted signals in communication systems and in remote sensing applications are commonly pulse modulated. Therefore, it is important to estimate the average incoherent pulse intensity and pulse shapes, with multiple scattering effects included, and to examine whether the multiple scattering in rain brings about unwanted effects in signal quality. To solve pulse problems, we use the time-dependent radiative transfer equation, or the two-frequency radiative transfer equation. Although the idea behind these two equations is different, it is common for these expressions to give the Fourier components of the Stokes vectors with respect to time, and the inverse Fourier transform then gives the incoherent wave-pulse shape as a function of time.
Numerical calculations of pulse shapes were made at 16, 34.8, and 140 GHz, for rainfall rates of 12.5 and 150 mm/h. 90) The transmission of a Gaussian pulse with a half-power width of 0.5 µs was assumed. The results indicate that, in forward scattering, the received power of the incoherent pulse generated by multiple-scattering effects is weak compared with that of the transmitted coherent pulses; thus, the incoherent pulses will not degrade the received signal quality. In backward scattering, multiple scattering will have relatively small effects on the interpretation of copolarized radar data. However, the calculated ratio of cross-polarized to copolarized incoherent intensities as a function of time indicates that, for a higher rainfall rate (150 mm/h) or for higher frequencies (34.8 and 140 GHz), the effect of multiple scattering is stronger than that of drop distortion estimated by the firstorder calculations for Pruppacher-Pitter-shaped distorted drops. The ratio of cross-polarized to copolarized incoherent intensities, the LDR defined in Eq. [27] for linear polarization or a similar circulardepolarization ratio (CDR) for circular polarization, is an important parameter in radar polarimetry in idetifying the type of hydrometeors or in estimating the canting angle of distorted hydrometeors. The estimates of multiple scattering given thus far are based on theoretical investigations and are not necessarily supported by measurements. The following radar depolarization signatures of rain, obtained during air-borne radar measurements, would be a rare example demonstrating the importance of incoherent scattering.
In 1991, thunderstorm structures were measured with a 10/34.5 GHz airborne radar in a joint experiment done by NASA and the Communictions Research Laboratory of Japan in Florida, USA.
91)
The radar had two linear polarization channels for measuring both co-and cross-polarized returns in the X (10 GHz) and Ka bands (34.5 GHz). The antenna beamwidths in the X and Ka bands were 5.2°for the former and 5.1°for the latter, and the pulse width was 0.5 µs for both frequency bands. The radar beam was directed close to the nadir. Figure 14 compares the measured and calculated LDR values for both X and Ka bands.
92) The rain had a stratified structure of thickness of about 3 km downwards, starting from about 3.5 km below the aircraft. The rainfall rate estimated from the measured reflectivity was 25 mm/h, and this value was used in the calculations. It is evident from Fig. 14 that the LDR gradually increases as the radar pulse penetrates into the rain region. In the Ka band, the agreement between measured and calculated values is satisfactory up to the range of about 5.5 km from the aircraft. Further increases in range result in poor agreement, possibly because the very weak radar returns caused by the intervening rain attenuation between the radar and the rain cell are responsible for the unreliable LDR values. (The LDR value of −25 dB in the X band seems to be the minimum detectable level determined by the polarization isolation of the X-band antenna.) The Ka-band's LDR value reaches as high as −10 dB, and this value cannot be explained by depolarization based on distorted raindrops. It is interesting to note that the LDR values increase rapidly near the rear edge of the rain layer (³6.5 km from the aircraft). This was caused by the fact that the major copolarized component (first-order scattering) vanished beyond the rear edge, whereas multiple-scattered components survived even in that time region due to their long electrical paths and they caused large LDR values. This is a very clear indication of the existence of multiple scattering.
In the pulse-propagation problems discussed thus far, we have assumed the transmission of a plane wave pulse. Actual radars, however, transmit pulsed beam waves corresponding to their antenna beamwidths. The multiple scattering theory of pulse-wave propagation has very recently been extended to account for pulsed beam waves. 93 ), 94) Numerical calculations at 95 GHz for several antenna beamwidths indicate that the strengths of the incoherent components decreases as the beamwidth narrows. 94) 7.3. Backscattering enhancement.
The theoretical treatments given above only include the contribution of a ladder term without regard for the contribution of the so-called cyclical term known in diagrammatical theory. The contribution of the cyclical term is often important when radars are operating with a monostatic configuration. When a transmitted wave travels through n successive scattering centers (n ² 2) in a scattering medium from scatterer 1 to scatterer n and enters a receiver as outlined in Fig. 15 , there is also another wave in the medium that travels in the opposite direction from scatterer n to scatterer 1 (time-reversed path) exactly on the same channel, as indicated by the dashed lines. If the transmitting and receiving antennas are in the same position, these two waves will be added in phase resulting in enhanced backscattering. Therefore, enhancement is a peculiar phenomenon that occurs when the scattering angle is very narrow. (The scattering angle is the angle of intersection of two antenna beams for the transmitter and receiver on the front face of the scattering volume being investigated.) It is suggested that the angular range of enhancement is of the order of a wavelength divided by the mean free path of scattering; the mean free path being given by the reciprocal of the total cross section per unit volume. A typical angular range of enhancement in radar meteorology is less than 1°. The enhanced backscattering is a well-known phenomenon in various branches of physics, such as in optics and condensed matter physics. 95) In the theoretical treatment of enhancement in electromagnetic-wave scattering from random discrete scatterers, second-order theory in conjunction with plane-wave incidence has commonly been used. 96 ), 97) The theory has very recently been extended to the case of finite beam width, 98) as well as to spheroidshaped hydrometeors.
34) The effect of multiple scattering including enhanced backscattering is increasingly important as the radar frequency increases. In fact, the use of the high-frequency region of millimeter waves, such as 94 GHz used in the spaceborne radar on board the NASA CloudSat satellite, has aroused scientific interest in multiple scattering. It must be noted, however, that enhanced backscattering is not necessarily expected in spaceborne radars, because when the radar has received scattered signals, the radar platform itself is displaced from the transmitting position, hence creating an apparent scattering angle between the transmitting and receiving antennas. For ground-based monostatic weather radars operating in this frequency range, on the other hand, the existence of enhanced backscattering would not be ignored depending on the meteorological conditions.
Finally, we will briefly present the results of laboratory measurements and numerical simulations of enhanced backscattering. 99 ),100) Laboratory measurements of enhanced backscattering from randomly distributed large water scatterers were done at 30 GHz under a controlled scattering environment. The computer simulation model was constructed to adhere to exactly the same scattering environment used in the experiment. We used 1736 water-injected thin polystyrene spheres as the scatterers with a radius of 12.5 mm randomly positioned in a scattering volume of 0.9 × 0.9 × 0.9 m. The distance from the transmitter to the front face of the scattering volume was 3.15 m. Figure 16 plots the measured and simulated received powers as a function of the scattering angle. The simulated copolarized values contain the contribution of single scattering in addition to the multiple-scattered (ladder plus cyclical) contribution, while the cross-polarized values only contain the multiple-scattered contribution. The simulation results agree favorably with those of the measurements in cross-polarized values. In the copolarized channel, however, the agreement is poor. (A reasonable explanation for this has not been given as yet. Further study is therefore needed to reexamine the results.) The angular range of enhancement estimated by using the parameters of the scattering environment was approximately 0.8°, which is in fairly good agreement with the measured and simulated curves. Although the scattering environment was not an actual rain environment constructed to scale, nevertheless, the results contain many important features of enhanced backscattering that would occur in real rain situations.
Conclusions
We surveyed the progress of research related to the effects of polarization on electromagnetic wave propagation and scattering in rain in this paper. Half a century has passed since our finding that rain attenuation in horizontal polarization is slightly larger than that in vertical polarization. Although such a small polarization effect was initially considered to not have any practical importance, the effects of polarization were later found to be very important factors related to radiowave communications in rain and the monitoring of rain by meteorological radars.
The depolarization phenomena caused by distorted raindrops were intensively studied in various countries in the 1970s, in connection with dualpolarization communication systems. Investigations into techniques for compensating for depolarization coupling were also conducted. In the 4-and 6-GHz bands, depolarization compensation is feasible only due to the compensation of differential phase, because attenuation itself is very small. For instance, the newest antenna at the Yamaguchi Satellite Earth Station of KDDI Corporation, Japan, is equipped with a compensation system.
The differential phase has recently again been spotlighted in polarimetric radar meteorology, since it is a very effective estimator of the rainfall rate. It is interesting to note that in Japan, a polarimetric radar network for the Tokyo Metropolitan area is being investigated so that it can provide better forecasts of very localized and intense rainfall events.
It is thus fortunate that our past findings on polarization-dependent rain attenuation have been closely related to, or have initiated in some cases, future progress in polarimetric studies on rain.
